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ABSTRACT

The Research Institute for Precision Guided y :
Systems (RIAPGS) was awarded a 21 Month
grant on 1 March 07 to conduct

groundbreaking research on Agile Autonomous
Munitions (AAM). The research directly supports
the mission needs of the Air Force Research
Laboratory Munitions Directorate (AFRL/RW) in

developing technology for semi-autonomous . . .
micro air vehicles. Research supported Figure 1, Semi-autonomous Path Planning and

under the FY03 RIAPGS grant poised the Obstacle Avoidance Research Results
UF-REEF and its partners to assume the role
of a world leader in AAM research. The
recently completed effort documented in this
final report has built upon the results
obtained from AFOSR funding of the 2003, %%
three-year RIAPGS grant and its two
extensions (8 month extension concluding 30
Nov 2006 and 3 month extension ending 28 3000 1000 ?f@
Feb 07), and leverages the capabilities 2500 500
established, in large part, by AFOSR DURIP
grants awarded to the University of Florida Research and Engineering Education Facility (UF-
REEF). A team of experts from the UF-REEF, UF-Gainesville, University of Alabama, and
University of Michigan conducted the research. The effort was conducted under the auspices of
the Agile Autonomous Munitions Center of Excellence (AAM COE), a partnership between the
University of Florida (REEF and Gainesville campuses) and AFRL/RW. The AAM COE, which
supports the UF-REEF Research Institute for Autonomous Precision-Guided Systems, serves as
the focal point for the research, development, design, analysis, testing and transition of
technologies necessary to attain agile, smart munitions operating autonomously or cooperatively
in complex, uncertain, adversarial environments (see Figure 1). The recently completed (30 Nov
08) 21 month grant had objectives and milestones in years 2007 and 2008 under the following §
tasks:

e Task 1: Full Vehicle Virtual Prototyping: Control Synthesis and Aero-structural

Characteristics of Micro Air Delivered Munitions (MADM) and Micro Air Vehicles
(MAV)

e Task 2: Integrated Visual-Servo Control and Path Planning for Unmanned Air Vehicles
e Task 3: Aerodynamic and Structural Characterization of Flexible and Morphing MAVs
e Task 4: Control of Biologically-Inspired Morphing for Variable-Geometry MAVs

e Task 5: Computational Aerodynamics of Flexible and Flapping Wing for MAV's




Task 5 was a 9 month tasks that ended on 30 Nov 07. The remaining three tasks continued until
30 Nov 08.

REVIEW TECHNICAL ACCOMPLISHMENTS BY TASK

Task 1: Full Vehicle Virtual Prototyping: Control Synthesis and Aero-structural
Characteristics of Micro Air Delivered Munitions (MADM) and Micro Air Vehicles (MAYV)

MILESTONES/STATUS:

Months 1-9

e Complete derivation of methods for characterizing MAV nonlinear dynamic response
and aerodynamic models for MAV configurations. (Completed)

e Static mounted MAV models will be aerodynamically characterized and their
aerodynamic coefficients will be modeled and provided to the Visualization Lab so
closed loop testing of the visual controller technology can be simulated with innovative
MAYV aerodynamic designs such as morphing. (Completed at UF-REEF Labs and UF-
Gainesville Labs)

¢ Inner loop stabilization of MAV using visual-servo control techniques derived in Task 2
via implementation and testing in the hardware in the loop environment. (Completed)

¢ Derivation, development and implementation of virtual prototyping methods associated
with path planning in the image-space as derived in Task 2. (Completed)

Months 10-21

e Hardware-in-the-loop testing and evaluation of 3-dimensional visual-servo control
derived in Task 2. (Completed)

e Hardware —in-the —loop testing and evaluation of geometry and obstacle estimation-based
MAY vehicle control. (Partially Completed- Simulations run on desk top computer and
not in real time on a field deployable laptop)

GENERAL

Under the leadership of Dr. Rogacki and Dr. Albertani there was significant progress made in
delivering a hardware-in-the-loop rapid prototyping capability at the UF-REEF. Embedded
systems are designed to control complex plants such as land vehicles, satellites, spacecrafts,
unmanned aerial vehicles (UAVs), aircrafts, weapon systems, marine vehicles, and jet engines.
They generally require a high level of complexity within the embedded system to manage the




complexity of the plant under control. Hardware-in-the-Loop (HIL) simulation is a technique
that is used increasingly in the development and test of complex real-time embedded systems.

The purpose of HIL simulation is to provide an effective platform for developing and testing
real-time embedded systems. HIL simulation provides an effective platform by adding the
complexity of the plant under control to the test platform. The complexity of the plant under
control is included in test and development by adding a mathematical representation of all
related dynamic systems. These mathematical representations are referred to as the “plant
simulation.” The UF-REEF has established a HIL simulation capability for MAV’s that will
lead to a rapid prototyping capability.

The Task 1 research plan included testing the visual based control system running on the cluster
PCs in the REEF Visualization Lab by flying a relatively stable off the shelf slow flier (similar to
MAV flight regime) in the small REEF wind tunnel and later in the large wind tunnel. The
general layout of the test bed is illustrated in Fig. 2.

( Wind Tunnels TASK 1
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Figure 2. Lay-out of the HIL experimental test bed showing the vision-
based autopilot (grey) and the aircraft systems (yellow) in the wind tunnel.

AIRPLANE DESCRIPTION

The airplane chosen for the experiment was a biplane that had a wingspan of 68.4cm and a total
wing area including both wings of 2642 cm®. Both wings are flat plates and made from thin
foam sheets. As can be seen in Figure 3, the structure was stiffened using carbon fiber stiffening
rods. The airplane is considered a profile airplane because it does not have a traditional fuselage.




Instead it has two flat foam pieces shaped like a fuselage that are glued together perpendicular to
one another. Figure 3 is a picture of the airplane.

Figure 3. Front and side view of airplane.

The airplane was setup with conventional controls that consist of a rudder, elevator, and ailerons.
A pitot tube was installed on the right wing to measure free stream velocity. Because of the
fuselage design, a carrying tray was added to the front of the airplane and was used to mount the
autopilot. A ball joint was used to join the airplane to the mount.

Communication with the airplane’s onboard autopilot was conducted through the virtual cockpit
software that came with the autopilot. The computer on which the software was installed used a
communication box to send signals to the airplane autopilot. The transmitter was used to trim
the airplane before maneuvers and also to input manual commands if needed. The 3-DOF rig
design illustrated in Figure 4 was used to install the Tensor 4-D aircraft in the wind Tunnel.

Figure 4. View of the airplane on the three D.O.F. joint in the wind tunnel.

Flight data were recorded on the ground station PC using the onboard telemetry system. The
ground station, located outside the wind tunnel, was connected with the cluster PCs in the REEF
Visualization Lab. The ground station received data from the aircraft on-board system and sent
the information, through an internet connection, to the Visualization Lab.




EXPERIMENTAL SET-UP

The hardware used in this project includes the remote controlled airplane, a ground station
computer, a camera, and a server cluster used to create a virtual environment. The scope of this
project was to create a communications system for these four components of hardware by
writing software, which interpreted data between them since the camera and the UAV as well as
the ground station, and server cluster were in separate labs. The end product software developed
enabled communicated between these systems. The quality of the data transfer can be verified
by plotting control inputs and aircraft flight data.

COMMUNICATION SOFTWARE

Two software packages were designed and used for two computers in the HILS system. The first
program (Program 1) is loaded onto the ground station computer in the Wind Tunnel Laboratory
(WT Lab) and the second (Program 2), which consists of a simple test socket of a server, is
loaded onto the Visualization Laboratory (Vis Lab) computer. These programs implement the
following procedures:

Program 1|
¢ Connect to Autopilot via a socket connection as client using Virtual Cockpit
¢ Connect to Vis Lab via socket connection as client
¢ Retrieve data at 6Hz from the autopilot

¢ Package data in vector form containing the heading, pitch, and roll. These are 2-byte
integers with units of radians*1000)

¢ Send data at 6Hz to Vis Lab
¢ Receive data at 6Hz from Vis Lab

¢ Output the sent and received data as well as elevator and aileron angles to the output file
on hard drive for graphical analysis

¢ Display transfers in the GUI on the desktop (specifically sent data, received data, elevator
angle, and aileron angle)

Program 2
¢ Connect to WT Lab via a socket connection as a server
¢ Receive data from WT Lab

¢ Display data to command prompt




RECORDED FLIGHT DATA

Pitch, roll, and yaw angle data, pitch, yaw, and roll rates, elevator, aileron, and rudder servo
displacement values, and airspeeds were recorded during several maneuvers performed with the
Tensor 4D aircraft with the Kestrel autopilot installed. The data was collected at a 20 Hz sample
rate. A total of 200 samples were collected over a 10 second period for each maneuver.

Commanded pitch and roll doublets were performed. The data was collected at two wind tunnel
airspeeds with the model mounted at the ball joint and the CG at the midpoint of the
recommended aircraft CG range. Airspeeds were recorded during all of the tests.

The pitch and roll angle measurements and servo displacement values measured by the autopilot
are provided as sample data. Plots of the pitch angle and elevator servo position and roll angle
and aileron servo position are provided in Figs. 5a and 5b respectively for the low velocity case.
The data trends recorded by the autopilot are consistent with the expected results. The high
effectiveness of the dual sets of ailerons on the model can be observed from the small amplitudes
of he roll aileron servo positions. The autopilot is trying to damp out the roll rate by countering
the commanded input thus the servo position data appears slightly noisy. The pitch and roll
angle plots are smooth which is consistent with the observed motion. The activity with the
vision based autopilot is mainly dedicated to a reliable fast real-time connection between the
aircraft ground station located in the wind tunnel lab and the vision camera-large screen set
located the Visualization lab. The ground station sends a set of variables as the three aircraft
angle and rates and flight velocity to the vision autopilot that will detect the motion through a
camera looking at a virtual scene on a large screen. The horizon on the screen moves with a
motion defined from the real aircraft in the wind tunnel. The vision autopilot reaction is sent
back to the ground station through the two laboratories communication systems and to the
aircraft in the wind tunnel through the wireless link between the vehicle and the ground station.
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Figure 5. a) Low speed pitch doublet and b) low speed roll doublet. The values
in radians are the servo position (blue) and the aircraft attitude (purple).




The originally desired frequency of data transfer was 25 Hz. This would have allowed the
virtual environment to refresh quickly enough to produce very high quality imagery and to match
better the expected dynamics of the aircraft. However, a frequency constraint exists due to the
lack of the GPS system on the Procerus autopilot. The GPS system is required for the necessary
packet to be requested (Packet 18) in DevDemo allowing the 25 Hz sampling rate transmission.
Due to the lack of GPS, the transmission sampling rate was limited to 6 Hz.

An algorithm was implemented to create these lines as well as measure the pitch and roll from
the deviations and lines to display the deviations from level trim conditions and return them to
the Wind Tunnel Laboratory to use for analysis [1]. The camera sends the image it ‘sees’ to the
workstation for the vision-based autopilot to analyze as shown in Figure 6. When a yellow line
is visible, there is a pitch deviation from zero. When the red line is not horizontal, there is a roll
deviation

Fig. 6. Virtual Environment Display with Telemetry Measurements.

SAMPLE OF RESULTS

Several tests were performed in wind-off and wind-on conditions. The output files from the final
tests are processed by a MATLAB code which creates a matrix from the space delimited output
data file as a time vector calculated dynamically based on the 6Hz sample rate. The system
reads the aircraft attitudes from the on-board IMU and estimates the same quantities from the
visual data on the screen in the visualization lab. The percent error for the data is calculated
from the matrix of data from the file using the equation:




Percent Error=

Nominal — Experimental

Nominal

100

Where the “Nominal” value is the telemetry data collected from the aircraft on-board system and
the “Experimental” value is the data calculated by the vision-based system. A sample of results
is illustrated in Fig. 7 and Fig. 8 during a wind-on test with a pilot induced roll-pitch doublet
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Elevator Servo Position Data
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Fig. 8. Wind Tunnel Roll and Pitch Test — Elevator
Angles and Pitch Data.

CONCLUSIONS

The communications system created during this phase of Task 1 has resulted in a software
package capable of testing a camera in loop with an UAV operating in a wind tunnel. A series of
tests results show that the data processed in this communications system is reliable and capable
of real time operations. The maximum error between the autopilot telemetry data and data
calculated and sent from the visualization system was less than 0.3% with an average value of
less than 0.1%. The software development package used was Microsoft Visual C++ and resulted
in a GUI interface, which allows the user to interact dynamically with the system.

A follow-up phase could increase the degrees of freedom of the aircraft to eventually reach a free
flight situation in the wind tunnel including an active propeller and adding flow perturbations.
Finally a close the loop control would be implemented involving a feedback signal from the
visual control camera and the UAV on-board control system.
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Task 2: Integrated Visual-Servo Control and Path Planning for Unmanned Air Vehicles
MILESTONES/STATUS
First 9 Months:

e Develop and demonstrate optimization methods that refine the path planning methods in
the presence of obstacles in the image-space flight path. These algorithms will be
developed based on known and unknown topologies. (Completed)

o Complete development and demonstrate vision based state estimation strategies including
structure from motion (SFM) and simultaneous localization and mapping (SLAM)
methods. (Completed)

e Develop and demonstrate visual-servo controllers that use multi-vehicle (air to air, air to
ground) images for collaborative mission objectives. (Completed)

Months 10-21

o Develop and demonstrate visual-servo controllers for MAV that are robust to camera
uncertainty. (Completed)

e Develop and demonstrate quaternion-based visual-servo controllers to eliminate rotation
singularities. (Completed)

e Develop and demonstrate visual-servo control techniques that account for the partial
controllability of an MAV that may be maneuvering at nonlinear operating points away
from trim. (Completed)

e Develop and demonstrate optimal path planners for obstacle avoidance that ensures
targets remain in the field of view. (Completed)

Under the leadership of Dr. Dixon University of Florida and Dr. Gans (UF-REEF) there was
significant research accomplishments achieved: Further development and verification of the
“Daisy-Chaining” method for large-scale vision-based estimation and visual servoing of
unmanned air and ground vehicles (UAV and UGV, respectively). Development of a novel
visual servoing method to move a camera in order to keep multiple objects in the field of view
without computationally expensive image processing or tracking algorithms was achieved.
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DAISY-CHAINING VISUAL SERVOING FOR LONG RANGE MICRO AIR VEHICLE
(MAV) CONTROL

A principle concern in visual servoing, particularly when involving aerial vehicles, is the limited
field of view of the camera. When an airborne camera (such as mounted on micro air vehicle,
high altitude plane, etc.) is used as the sole sensor to generate control input for a MAV, there are
several concerns. First, there must be a method to relate the position of the MAV to fixed
reference objects (e.g. buildings) in order to generate estimates of the current MAV pose and
velocity and relate it to desired MAV pose and velocity. Furthermore, as the camera and MAV
move, fixed objects will leave the field of view, and new reference objects must be integrated
into the estimation algorithm. This is a difficult problem. As seen in Figure 9, for one camera,
one MAV and one reference object, eight pose estimates must be solved and chained. When a
second reference object in involved (i.e. a new reference object has entered the field of view) this
expands to sixteen pose estimates. Furthermore, not all targets may be in the camera field of
view at the same time, requiring a robust estimation method for this data.

Ry, Xfr)  Reference Rom; Xpm) Camera
Camera

Current
vGvY

2 s
Reference

5 Reference | & 2 -
Object LS_Z) X
Reference
Object

Figure 9-Illustration of Daisy Chaining for MAV control

The Daisy Chaining method can be used to solve this problem. By exploiting multi-view
geometry and structure-from-motion methods of computer vision with nonlinear control theory,
the UF has designed a vision-based control system that can regulate a MAV to a desired
trajectory using vision data from an airborne camera that accepts new reference objects as they
enter the field of view, and drops previous ones as they leave.

UNDERDETERMINED VISUAL SERVOING FOR MULTIPLE TARGET TRACKING
The vast majority of visual servo controllers are designed to regulate the robot, vehicle, etc. to a

specific fixed pose or along a specific fixed trajectory. However, there are many tasks do not
require or do not have a fixed goal pose or trajectory for the robot. Thus a novel visual servo
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control method was explored that does not regulate the robot to a goal, rather the control
regulates some task functions and allows the robot to move to whatever pose is necessary to
regulate the task functions. This freedom of motion leads to this controller being an
underdetermined system. A further benefit of the underdetermined approach is the expensive
feature extraction, tracking, and matching algorithms are not needed to identify and associate
targets in each image.

The challenging task is tracking one or more targets (Fig. 10 and Fig. 11). Example scenarios
are keeping a moving vehicle or a dispersing crowd in the field of view of an airborne camera.
This can be done by regulating the distribution (e.g. mean and variance) of targets in an image.
If mean target position is regulated to the image center and variance of target positions is
regulated to less than % the image width, at least 75 % of all targets must be in the field of view.
Depending on the distribution, this can increase up to 95%. Additional task functions can be
added, such as keeping a desired distance or orientation to the targets. One task the UF has
explored is maximizing perceptibility, which is a measure of how well the airborne camera can
quickly change the distribution of targets in the image. Simulations have shown that this method
is adept at keeping multiple objects in view, and that perceptibility help tracking.
B S E— ’ —

Fig. 10- Keeping multiple moving Fig. 11- Keeping a single moving object
objects in the field of view. For in the field of view. Target recognition
simplicity, pink targets are added to is used to find the vehicle without using
targets for recognition. artificial pink targets.

VISUAL-SERVO CONTROL FOR UNMANNED AIR VEHICLES

1) Extension of a novel visual servoing method to move a camera in order to track multiple
teams of targets, while maintaining network communications between multiple moving MAV’s.
2) Extension of the Hardware In the Loop Simulation (HILS) to include a physical MAV in a
wind tunnel, connected to a the visualization system.

Ensuring Network Connectivity of MAV's Performing Video Reconnaissance:

Motivated by mission scenarios and sensor restrictions, operations may require the collaboration
of assets over an ad-hoc network. We have explored the problem of balancing trade-offs between
asset/sensor cone positioning to satisfy target tracking requirements and network requirements

14




such as maintaining network connectivity. There is a direct need for methods that manage
trade-offs between asset/sensor cone positioning to satisfy mission requirements and network
requirements to ensure effective collaboration between the assets. Yet, literature that focuses on
such issues appears sparse.

The problem considered involves multiple MAV’s equipped with cameras. Each MAV is
dedicated to monitoring/tracking a team of moving targets, but the communication network
between the MAV’s must be maintained for mission success. To address the trade-offs between
asset positioning and network connectivity, a prioritized task-function based guidance law was
developed for a simple scenario containing three assets. One developed task-function maintains a
communication network by ensuring the distance between the MAV's does not exceed a critical
threshold. Additional task-functions enable assets to keep targets of interest in the image cone by
regulating image features derived from the camera view. Simulations demonstrated that such
tradeoffs could be successfully achieved.

EXTENSION OF THE HARDWARE IN THE LOOP SIMULATION PLATFORM FOR
VISION-BASED CONTROL OF MICRO AIR VEHICLES

A desired outcome for Task 2 is to develop a sophisticated simulation test bed for the vision-
based control of MAV’s. This test bed will ultimately provide multiple stages of increasing
hardware interaction. The first stage is a virtual reality data base capable of displaying large
environments and controls processing. The second stage is a system of modular displays, digital
cameras and computers for image and control processing. The third stage, recently
implemented, incorporates a wind tunnel, MAV and force measurement system. The MAYV is
mounted on a sting balance in a low turbulence wind tunnel. Actuation of airfoils in the airflow
of a wind tunnel will change the attitude of the MAV. The attitude change is relayed to the VE
software, which alters the viewpoint accordingly. In turn, the vision-based control routines send
velocity commands to the MAV autopilot (see details under Task 1).

Task 3: Aerodynamic and Structural Characterization of Flexible and Morphing MAV
MILESTONES/STATUS
First 9 Months/Status:

e Complete acquisition of and document experimental data sets (force/moment, flow field,
deformation/shape) on fixed and passively flexible wings. (Completed)

e Collaborate with computational group (Task 5) to assess and evaluate results of fixed and
passively flexible wing. (Completed)

e Define (with input from Task 4) and build actively morphing wing for investigating time-
dependent phenomena. (Completed)

¢ Initiate acquisition of experimental data sets (force/moment, flow field, deformation) on
actively morphed wings.

Months 10-21




e Complete acquisition of and document experimental data sets (force/moment, flow field,
deformation) on actively morphed wings. (Completed at Gainesville)

e Collaborate with computational group (Task 5) to assess and evaluate results of morphed
wings. (Collaborated with controls group on stability and control)

e Define (with input from Task 4) and build actively flapping wing for investigating time-
dependent phenomena. (Completed)

o Initiate acquisition of experimental data sets (force/moment, flow field, deformation) on
actively flapping wings. (Completed)

GENERAL

Under the leadership of Dr. Ukeiley and Dr. Albertani from the UF-REEF and Dr. Hubner from
the University of Alabama (UA) there has been significant progress in the experimental effort to
characterize the aerodynamic and structural characteristics of MAV style airfoils and wings.
This progress has been on several fronts by the team at the UF-REEF and the University of
Alabama which include;

o The study of the effects of passive flexibility on separation characteristics of 2-D airfoils

e The characterization of steady and unsteady deformation of flexible wings including
modeling of aeroelastic effects

o Steady and unsteady aerodynamic characterization of MAV configurations

e Detailed flow measurements of the of low aspect ratio wings

CHARACTERIZATION OF LOW REYNOLDS NUMBER WIND TUNNEL

The Aerodynamic Characterization Facility was designed and installed at the UF-REEF under
efforts partially supported by the RIAGPS. This has included a large effort to quantify the
facility characteristics which is being reported in Albertani et al (2009). Photographs of the
facility are shown in 12 and 13 below. The facility is housed in a large laboratory of
approximately 50 x 60 feet to provide a large enough environment to isolate the effects of the
surroundings from the flow through the wind tunnel. As can be seen in the figures this is an
open return wind tunnel with an open jet test section. The air for the facility is moved by a 50
horse power 60 inch diameter fan. The fan is controlled by variable frequency drive electronics
which allows for the varying of the wind tunnel velocity. The flow path starts by entering the
conditioning section which has a cross sectional area of 10 foot by 10 foot through a bell mouth
inlet. The flow conditioning section consists of a radiused inlet, metal honeycomb, and then
several screen packs to break up any coherent large scale motions. This section is then followed
by a 4.5 foot long straight settling region which allows for all any small scale organized motions
generated by the flow conditioning section to relax. This settling chamber is then followed by a
square contraction section with an area ratio of 8 to 1 whose contour was designed using the
tools discussed in Mathew (2006). The exit of the contraction is a 42” square which is the start
of the open jet test section and is displayed in 13 (b). This open jet test section is 10 feet long
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and has a rigid enclosure that can be seen in 12. The enclosure consists of two parts, an outer
shell which consist of foam core wall office structure and an inner structure made of up of 80/20
structural material. The overall dimensions of the enclosure are 11 ft high, 12 ft wide and 15 ft
long. At the downstream end of the test section is a bell mouth fiberglass piece leading into 45.6
inch square opening to the diffuser section. The diffuser section transitions from a square cross-
section to a 60 inch diameter circle, over a 99 inch axial distance, which is connected to the fan
through a flexible coupling. The axial fan was manufactured by Howden Buffalo and is spun by
a 50 HP Reliance Electric motor. The motor is controlled by a Toshiba VF-AS1 high
performance inverter. This inverter (Variable Frequency Drive, VFD) controls the frequency of
the electricity to the motor, which in turn controls the rotation rate of the fan and hence the flow
velocity in the test section. At the end of the motor housing is inline flow silencer.

Figure 12: Photographs of Aerodynamic Characterization Facility.
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Figure 13: Photographs of Test Section’s Inlet (a) and Exit (b).
Assessment of Flow Quality

A large experimental effort was conducted to determine the properties of the flow in the
Aerodynamic Characterization Facility that has included both qualitative and quantitative
assessments.

Since the input to set the rotation rate of the fan is the frequency on the Variable Frequency
Drive (VFD), experiments to calibrate this value versus the air velocity at the inlet to the test
section were performed. Several experiments have been performed with a Pitot-Static pressure
probe situated in the center of the exit plane of the end of the contraction. All of these
experiments involved setting the VFD to the prescribed frequency then letting the pressures in
tubes equilibrate before taking the pressure data and averaging. This resulted in sampling the
pressure at 2 Hz for 60 seconds to obtain the average velocity at the center of the entrance to the
test section. It should be noted that all of data presented here was for VFD frequencies of up to
50 Hz however, one can easily extrapolate to the maximum value of 60 Hz.
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Figure 14: Velocity vs. Frequency Calibration Curve

Figure 14 displays a calibration curve to map from the VFD to flow velocity at the entrance to
the test section. These experiments were performed several times with different transducers.
However the most accurate one available at the UF- REEF is a Heise model ST-2H with both 0.5
and 2 inches of water transducers which have an accuracy of 0.005% of the full scale pressure
reading. This results in a velocity accuracy of 0.2 m/s which are plotted as the error bars on this
figure. Several experiments revealed that the measurements were repeatable and did not exhibit
any hysteresis when the velocity was being approached from either ascending or descending
values.

The Reynolds number per unit length and one based on the test section diameter are displayed in
Table 1. This demonstrates that for an airfoil with a 6 inch chord length, the Reynolds numbers
would range from approximately 16,000 through 175,000. As will be shown below the facility
has been demonstrated to maintain a steady velocity in the 1.5 m/s free stream range validating
the overall goal of a low Reynolds number facility.

VFD Setting (Hz) Velocity (m/s) sif:tggisg?ari:ettee s;t) ::::(::t)
5 1.6 114,000 107,406
10 34 238,000 220,952
15 5.2 364,000 336,760
20 6.8 490,000 454,592
25 8.8 616,000 574,112
30 10.4 742,000 692,406
35 12.5 868,000 810,838
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40 14.2 994,000 929,567
45 15.8 1,120,000 1,047,037
50 17.6 1,246,000 1,162,792

Table 1: Flow Velocity and Reynolds Number versus VFD Setting

Flow uniformity studies were conducted with a total pressure rake which had 32 ports each
separated by 1 inch. The rake itself along with the way it was mounted is displayed in Figure 15.
For the flow uniformity studies the rake was traversed (manually) through 21 vertical locations
and 2 spanwise locations to develop a uniform grid spaced by 2 inched in both directions. The
pressure readings were acquired with the Pressure Systems Inc. scanning pressure system with
16 ports with a 1 psi full scale range. This system quotes an accuracy of 0.05% of full scale
which resulted in an accuracy 1.438 m/s. For all of the measurements the data was averaged
over 120 samples which were acquired at a rate of 2 Hz. All of the velocities presented in this
section are normalized by the velocity at the center location. It should be noted that the rake
measurements will only be reported for one velocity setting (approximately 15 m/s) although
flow uniformity measurements were additionally acquired at a free stream velocity of 2 m/s and
are documented in Albertani et al (2009). Since the accuracy and range of the Pressure Systems
scanning pressure system does not allow for reliable interpretation of the data at lower velocities
a Scanni-Valve pressure switch was used with the Heisse transducer discussed above.

Figure 15: Total Pressure Rake for Flow Uniformity Studies.

Contour maps of the velocity field calculated from the total pressure measurements at 4 axial
locations are displayed in Figure 16 for a 40 Hz setting on the VFD which corresponds to
centerline velocity of approximately 15 m/s. From these plots the flow possesses a uniform core
that covers at least 60% of the cross sectional area even at 62.5 % of the axial extent of the test
section. Qualitatively there are some small asymmetries but in general the flow appears to
evolve in a symmetric fashion.

In order to gain a better quantitative assessment of the flow quality, plots of the normalized
velocities for both centerline horizontal and vertical slices at the 4 axial positions are presented
in Figure 17. From these plots it is clear that there are no significant trends from top to bottom
or left to right in the wind tunnel. Also apparent in these plots is how small the variations are on
the order of less than 0.5%.
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Figure 17: Centerline Vertical and Horizontal Velocity Profiles at 40 Hz on the VFD (~15

m/s).

Although the pressure measurements were quite encouraging in terms of flow uniformity, a
device with a higher frequency response was needed in order to evaluate the unsteadiness. For
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the rest of this section the measurements that will be discussed obtained using a single
component constant temperature hot-wire anemometer system. The sensing element of the hot
wire had a diameter of 5 microns and a length of nominally 1 mm. The sensing element was
connected to a Dantec 55M10 bridge. The output of the bridge was then digitized with the
National Instruments 4472 card with a sigma-delta analog-to-digital converter with 24 bit
resolution. For these experiments, 256 blocks of 2048 points were acquired at a rate of 2048 Hz.

Table 2 lists several quantities that were measured with the hot-wire anemometer as a function of
the variable frequency drive system as displayed in the first column. The second column is the
mean velocity and the third is standard deviation of the fluctuating velocity. To calculate
turbulence intensity in a wind tunnel it is common practice to high pass filter the fluctuations so
that those associated with scales larger than the facility are not taken into account. After filtering
out these scales the values are listed in the last column of Table 2 and are all less than 0.25% for
free stream velocities greater than 1 m/s.

VED U, Mean Velocity | <u>(m/s) Turbulence

Setting (m/s) Intensity
No Filtering <U’ finere>/U

1 0.1362 0.005679 4.0%

3 0.2895 0.004152 1.4 %

5 0.9492 0.001213 0.12%

7 2.3154 0.002255 0.09 %

10 3.3505 0.004158 0.06 %

15 5.1066 0.008787 0.13 %

20 6.8934 0.012275 0.11 %

25 8.7058 0.017555 0.16 %

30 10.4996 0.027106 0.21%

35 12.2955 0.027439 0.17 %

40 14.0959 0.024822 0.14 %

45 15.8772 0.024201 0.07 %

50 17.6325 0.024383 0.06 %

Table 2: Mean Velocity and Turbulence Intensities
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Figure 18 displays the velocity power spectral density plotted at several settings of the VFD.
The general trend of the data from 5 Hz on the VFD and up is expected, i.e., increasing energy
levels in the fluctuating velocity as the speed of the tunnel is increased. From this plot one can
also view the extension of the smaller scale (higher frequency) phenomena as one would expect
with increasing Reynolds number.
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Figure 18: Power Spectral Density vs. Frequency Plots.

Although the overall behavior for the higher frequency cases shows the correct trends there are
several peaks that might be considered troublesome. The first are those that occur in the range
of flow frequencies between 3 and 8 Hz which begin to become apparent between drive
frequencies of 15 and 20 Hz and persist to the maximum velocities tested. To investigate these
peaks the power spectral densities are plotted versus Strouhal number (fD/U) in Figure 19 with
the length scale, D, being the 42 in exit length of the contraction. Clearly, the peaks in this
frequency range appear to have collapsed around a Strouhal number of 0.45. This number is in
the range of what is generally expected for the Jet Column Mode.
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Figure 19: Power Spectra Plotted vs. Strouhal Number.

These measurements discussed above have demonstrated the quality of the flow in the
Aerodynamic Characterization Facility and it will surely be a valuable facility for applied and
fundamental studies of the MAV aerodynamics. Additional measurements reported in Albertani




et al (2008) along with ongoing further measurements demonstrate that in addition to steady flow
the facility will be able to simulate gusting phenomena that one might find in the urban
environment.

AERODYNAMIC AND STRUCTURAL RESEARCH ACTIVITIES

Figure 20 outlines the aerodynamic and structural research areas considered for MAV with
flexible and morphing wing structures

Figure 20. Aerodynamic and Structural Characterization of Flexible and Morphing MAV’s
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Membrane Wings,” abstract submitted for the 47h AI4A Aerospace Sciences Meeting,
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EXPERIMENTS ON MICRO-FLAPS

The experiments were conducted at the low-speed low-turbulence wind tunnel at the University
of Florida. Two flaps configuration with the same height but different spanwise lengths were
tested on a wing with a MAC of 0.1073 m, a wingspan of 0.377 m, and an aspect ratio of 3.78.
The airfoil has a mildly reflexed, very-thin section with a thickness of 0.90 mm and a camber of
6 % at 25 % MAC. The wind tunnel tests consisted of angle-of-attack (AOA) sweeps at 73,300
and 95,200 Reynolds numbers based on the MAC including the clean wing.

The experiments conducted provided evidence that by using a Gurney flap on a MAV wing there
exists a beneficial effect on lift, a reduction in drag in certain conditions, and an increase in
maximum lift-to-drag ratio compared to the clean airfoil. Figure 21 shows the increase of lift
coefficient of the wing with small (50% b) and large (75% b) Gurney flaps in respect to the clean
wing, at a free stream Reynolds number of 95,200. The same figure suggests a slight increase of
the lift curve slope for the wing with flap and a decrease of the stall angle and the angle for zero
lift for the wings with flaps.

o,sg i .

06 |

04 |

=6~ Small (50% b)

oz g ——Large (75% b)

i,

-5 0 5 10 15 20 25 30
AOA [deg]

Fig. 21. Lift for clean wing and with
2.8% MAC Gurney flaps.

PASSIVE AEROELASTIC WINGS IN UNSTEADY CONDITIONS

Micro air vehicles rigid and passive compliant wings were tested in unsteady conditions at the
REEF low-speed low-turbulence wind tunnel equipped with a two degrees-of-freedom dynamic
test rig. The motion, estimated by an inverse kinematics model that solves for the desired testing
conditions, is provided by two ironless magnetic linear motors. This facility permits, for the first
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time in applications to micro air vehicles, the measurement of the two individual components of
the rotary damping moment. The coefficients due to rate of change of angle of attack were
measured by oscillating the model in pure plunging motion. The coefficients due to pitch rate
were measured during pitching motion, as illustrated in Fig. 22. To elucidate the correlation
between the wings structural deformations and the aerodynamic damping characteristics, rigid
and flexible identical wings at different levels of wing membrane tension were tested.
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Fig. 22. Combined plot with the model AOA, pitch angle and lift
coefficient versus time. Left: pure plunging test. Right: pure
pitching case. The position of the model is also displayed (light blue
line). The rectangle shows the area used for data post-processing.

The latex elastic membrane wing skin displacements are measured using the visual image
correlation therefore the pre-tension strain state was characterized prior the aerodynamic tests, as

illustrated in Fig. 23.
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Fig. 23. Contour plots showing the experimental values of the wings elastic
membrane strain state in wind-off conditions for the high pre-tension case.
The strains are: a) in the x direction and b) in the y direction; ¢) and d) in the low

The data stored during the tests include the time histories signals from the six channels of the
wind tunnel sting balance and the position of the two linear motors. Figure 24 shows the lift
coefficient time histories <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>